quaternary spectrum, structural analysis, assignment carbon-proton correlated spectroscopy, NMR spectroscopy is more powerful than IR or UV spectroscopy for analyzing a variety of isomeric mixtures.
Although NMR can be applied not only to a single or pure compound, but also to mixed samples, an in-situ analysis is expected for more complicated systems, such as reaction mixtures, natural products and biological samples, by means of today's advanced spectrometers.
After such remarkable progress in spectroscopic technique, the next step is to minimize the isolation process; success will save labor and valuable time.
A reaction mixture containing isopropyldibenzofurans gives complex spectra where many ' H signals overlap each other even if we employ 400 -500 MHz NMR spectrometers.
Overlapped signals of triplets of H2, H3, H7, H8 often congest around the 7.1-7.2 ppm region. ' Another problem in high resolution NMR is small fluctuations of the magnetic field. Although data points for Fourier transform digits provide resolution of 0.005 Hz, small coupling constants are troublesome; for example, J,3 of dibenzofuran is not exactly equal to J3, in a 400 MHz NMR spectra. ' Such a small disagreement, less than 1 Hz, found in coupling four bonds apart (4J) is not an obstacle in the ordinary analysis of spectra, but credible assignments are not expected in the case of an unresolved region such as that described above.
On the other hand, 13C NMR gives clearly separated peaks; especially the ipso carbon or the ring carbon attached to isopropyl group shifts down-field as much as 20 ppm. Thus the ambiguity in ' H NMR spectra may be removed by 13C NMR. Though more experimental time is required, carbon-proton correlated spectroscopy (C-H COSY) is a powerful complement. '3C NMR data of several kinds of substituted dibenzofurans have been reported2-4, but no definitive assignments are available. Therefore, it may be interesting to see how the present fully analyzed 'C spectra can assist or supersede the proton NMR spectra in the identification of isomeric isopropyldibenzofurans.
A pertinent example of an undoubtful determination of the substituent position by means of quaternary spectra (QUAT), a kind of 13C NMR, is also presented. Experimental Dbbenzofuran (99.9% pure) manufactured in a factory of Shinnitetsu Kagaku Co., Ltd., was used. Isomers of isopropyldibenzofurans were prepared on a bench-scale; isopropylation of dibenzofuran (3522 g) in the presence of silica-alumina catalyst (1167 g) with propylene (2311 g) was carried out in an autoclave at 150° C for 1 h. The products were obtained from the reaction mixture through filtration, followed by rectification. Further separation of the isomers, when necessary, was improved by an adsorption method on faujasite type zeolite. 5 All spectra were recorded on a JEOL JNM-GX 400 spectrometer, operating at 100.40 MHz, equipped with a computer of 2560K memory. About 10 mg of the product was dissolved in 0.3 ml deuterochloroform with TMS as an internal standard.
Pulse conditions employed, unless otherwise specified, were as follows: pulse width of 5.3 µs (45°), delay time of 2 s after the pulse, and acquisition time (Acq.) of 0.819 s. Four free induction decays were accumulated and Fourier transformed to a spectrum of the spectral width of 10244 Hz with 32K data points, or a resolution of 0.623 Hz.
A pulse sequence for C-H COSY (correlation spectroscopy) was H 90°(36. Table 1 ) agreed with those reported, though not as distinctive, in the literature.2'6 Since the paramagnetic term for chemical shifts is more important in 13C NMR than in 1H NMR, electron density (p) is one of the ruling factors for the chemical shifts.' An MNDO-PM3 calculations confirms the assignments. For examples, a signal of C4 with higher electron density (p4=4.109) was observed at higher field than that of C1 (p1=4.042), while proton signals of H4 and H1 can not be determined clearly.
Monoisopropyldibenzofurans
In the 13C NMR of 4-isopropyldibenzofuran, the correct assignment of signals to C2, Cs, C3 and C, can not be achieved without the C-H COSY shown in Fig. 1 . The corresponding proton signals, which give a complex pattern in the normal spectrum, can be simplified by homo-decoupling experiments. Among the quaternary carbons, C4 was evidently assigned to the peak that shifted down-field by 21.8 ppm.
The a-effect of isopropyl group is almost the same as that observed in isopropylbenzene (+20 ppm).9 As the /3-effect on C4a is estimated to be -2.1 ppm, the peak at 155.92 ppm which shifted by only -0.22 ppm is assigned to C5a. There is no difficulty in the assignments of isopropyl groups (CH and CH3) as well as those of all other mono-isopropyl derivatives described below.
A mixture of 2-and 3-isopropyldibenzofurans gave 20 peaks of dibenzofuran ring carbons and four kinds of isopropyl carbons (Fig. 2) . Peak intensities under the pulse conditions employed well reflected the components (2-and 3-isomers) ratio of 2 :1. The C-H COSY shown in Fig. 3 avoided the misjudgements on the assignments for C4 and C6 of the major component, and the distinct discrimination between C3 and Cs gave a confirmation for the assignments of H3 and H8.
The assignments except of quaternary carbons of the minor component, 3-isopropyldibenzofuran derives the full benefit from the C-H COSY.
Assignments of the quaternary carbons are based on the consideration of more substituent effect on C4a and C9b than the further extended carbons (C5a and C9a) of the benzo-ring. The resulting assignments for the chemical shifts of these bridge-head carbons are also dependent on it-electron density (p7) rather than total electron density (ptotal).8 Such back-up data are available for other three monoisomers, too. The spectrum (Fig. 4 ) of 1-isopropyldibenzofuran, in spite of the poor purity (ca. 50%) of the sample, was analyzed with the help of the C-H COSY. The chemical shift difference less than 0.02 ppm between C8 and C9 was enough for assignments in the 2-D spectrum, and, the other way around, an affirmation for the assignments of the congested peaks of H4, H3 and H7 was given.
Diisopropyldibenzofurans
An NMR sample of 2,4-diisopropyldibenzofuran which contained ca. 35% 1,4-isomer gave the spectrum shown in Fig. 5(b) . Straightforward assignments were obtained with the assistance of a C-H COSY similar to Fig. 6 . For an analysis of the quaternary carbons, the QUAT spectrum was recorded ( Fig. 5(a) ). The spectrum clears away any doubts about the position of substituents. The proton NMR spectrum can not rule out the possibility for the compound to be the 1,3-isomer instead of the 2,4-substituent. The chemical shifts of the carbon attached to the isopropyl group of 1-, 2-, 3-and 4-isopropyldibenzofurans change (chemical shift difference: M) by 24. 20.7, 21.7 and 21.8 ppm, respectively, from those of the corresponding carbons (C1, C2, C3 and C4, respectively), of dibenzofuran. Therefore, peaks at 143.58 and 132.19 are assigned to C2 [z82=22.0) and C4 (E84=21.6), respectively. If the sample were 1,3-isomer, the peak at 132.19 would be either C1 (a81=11.6) or C3 (a83=5.2) whose M1 is far from reasonable values. A steric interaction between these two isopropyl groups is less plausible, because the chemical shift of methine carbons of the isopropyl groups as well as C2 and C4 do not change from those of the corresponding monoisomers, or 2-and 4-isopropyldibenzofurans.
An NMR sample of 1,4-diisopropyldibenzofuran contaminated likewise with 2,4-isomer shows a clear C-H COSY ( Fig. 6) . The six peaks of 121-126 ppm in the normal 1-D spectrum are easily assigned in Fig. 6 . The 2-D spectrum also gives confirmation of the analysis of H3 and H8.
A C-H COSY of the third sample of disubstituted isomer, 2,7-diisopropyldibenzofuran is shown in Fig. 7 . The order of the unequivocally assigned peaks, C3, Cs, C9, C1, C4, C6 from low to high field, is the same as dibenzofuran. This may indicate that the isomer has the most stable dibenzofuran ring of a non-planar structure'° among seven is o propyldibenzofurans investigated here. A QUAT spectrum was also obtained to make sure of the positions of the two isopropyl groups. The chemical shifts (143.28 and 148.62 ppm) of the carbons attached to the isopropyl groups are in complete agreement with those of 2-and 3-isopropyldibenzofurans.
Another discrimination of the substituent position is found in the appearance of the methine carbon of the isopropyl group at lower field by ca. 4 ppm than that of peni (1, 4, 6 or 9) position. This suggests that a pen-effect is still being exerted on the dibenzofuran ring. The effect is also proved by other facts: the peni methine proton is observed at lower field by 0.5 -0.7 ppm' and NOE of 38% is reported between 1-methyl proton and H9 in 1,2,3,4-tetramethyldibenzof uran. 2 While the discrimination between these isopropyl groups is difficult in 'H NMR spectra, the present '3C NMR spectra give recognizable differences in chemical shifts between 2-and 3-isopropyldibenzofurans (cf. Table 1 ). The differences by 0.41 and 0.32 ppm for CH and CH3 carbons, respectively, in 2,7-diisopropyldibenzofuran enable one to assign the individual 2-and 7-isopropyl groups (cf. Table 2 ). The results produce further proton assignments using the C-H COSY: 3.01 (CH) and 1.29 ppm (CH3) for 2-isopropyl group, and 2.99 (CH) and 1.28 ppm (CH3) for 7-isopropyl group in 'H NMR spectra where decoupling experiments are hardly possible.
Summary of assignments The assignments described in the above sections are summarized in Tables 1 and 2 . For the identification of new isomeric compounds, 'H NMR is, in most cases (probably more than 95 out of 100), the best choice among various analytical instruments. Particularly, the substituted positions on aromatic rings are determined by 'H coupling pattarns. On the other hand, '3C NMR is efficiently applied to long alkyl chains where many similar CH2 units exist, but is not necessarily suitable for the determination of the substituent position on condensed aromatic rings, because the additive nature of chemical shifts by substituents often destroys its simplicity.
Together with the increasing number (more than 100 at this moment in this country) of spectrometers with magnets of 8 -11 T, the advent of two dimensional (2-D) NMR such as C-H COSY has made a great progress in mutual assignments of 'H and '3C spectra. The present results demonstrate that recent NMR can manage to handle a sample of mixture components or of ca. 50% purity which give either complex patterns of On the other hand, the present assignments are the first examples of the application of 2-D, and unequivocal date have been derived. At the same time, assignments of thf unresolved proton peaks over 7.1-7.2 ppm arf confirmed by the correlation with the clearly assignec carbons, such as C3 and Cs of both 2-and 1,4-isomers, C and C7 of 1-isomer. The undistinguishable twc isopropyl groups of 2,7-diisopropyldibenzofuran in 1H NMR spectra are correlated and identified with 13C data Another remarkable role of 13C NMR has been found it the conclusive determination of 2,4-diisopropyldibenzo furan, for which 1H spectra can not differentiate frorr 1,3-isomer. Contrary to the prediction, the observec chemical shifts of the diisopropyl derivatives well agreec with the calculated values using the unambiguousl3 determined mono-isopropyl data. This is one of a fey cases, to our knowledge, that almost perfect additivity it poly aromatic ring systems is presented in detail.
Thus, the assignments in Tables 1 and 2 an supplemental and/or confirmative for the 1H NMF spectral data. The combination of these data is enougl to analyze all of 36 possible isopropyldibenzofurans while the homologs with more than two isopropy groups in adjacent positions each other are not feasible
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